rate constant (s "1 ); T 50 , the temperature at which 50z-inactivation occurs Biosci. Biotechnol. Biochem., 66 (6), [1374][1375][1376][1377] 2002 The thermostability of Flavobacterium meningosepticum glycerol kinase was increased by the change from Ser329 to Asp [ Protein Eng., 14, 663-667 (2001)]. Based on a three-dimensional structure model of the mutant, we have postulated that a new charged-neutral hydrogen bond was formed between Asp329 and Ser414, and the formation of the hydrogen bond contributed to the stabilization of the tertiary structure and increased thermostability of the mutant enzyme. If the postulation is the case, FGK thermostabilization would be possible similarly by the single amino acid substitution from Ser414 to another amino acid which could form the hydrogen bond with Ser329. We did a single amino acid substitution of the wild-type enzyme from Ser414 to Asn. As we expected, S414N showed comparable thermostability to that of S329D. On the other hand, a diŠerence in kinetic properties for ATP between S414N and S329D was observed.
The thermostability of Flavobacterium meningosepticum glycerol kinase was increased by the change from Ser329 to Asp [ Protein Eng., 14, 663-667 (2001)]. Based on a three-dimensional structure model of the mutant, we have postulated that a new charged-neutral hydrogen bond was formed between Asp329 and Ser414, and the formation of the hydrogen bond contributed to the stabilization of the tertiary structure and increased thermostability of the mutant enzyme. If the postulation is the case, FGK thermostabilization would be possible similarly by the single amino acid substitution from Ser414 to another amino acid which could form the hydrogen bond with Ser329. We did a single amino acid substitution of the wild-type enzyme from Ser414 to Asn. As we expected, S414N showed comparable thermostability to that of S329D. On the other hand, a diŠerence in kinetic properties for ATP between S414N and S329D was observed.
Key words: Flavobacterium meningosepticum; sitedirected mutagenesis; glycerol kinase; thermostability; hydrogen bond Glycerol kinase (EC 2.7.1.30; ATP: glycerol 3-phosphotransferase) catalyses the transfer of the terminal phosphate of ATP to glycerol to form snglycerol-3-phosphate and ADP. This enzyme plays a physiologically important role in the formation of glycero-3-phosphate in the biosynthesis of phospholipid. In addition, GK is now widely used for the clinical measurement of the blood triglyceride level in combination with lipase, glycerol-3-phosphate oxidase, and peroxidase. 1) We have puriˆed and characterized GK from Flavobacterium meningosepticum (FGK), and the gene encoding FGK has been cloned and expressed in Escherichia coli cells.
2) Although F. meningosepticum is a typical mesophile, the thermostability of FGK is higher than that of GK from a moderate thermophile, Bacillus stearothermophilus.
3) In addition, FGK is stable at 379 C for a long time. Such a high stability of FGK under various conditions is advantageous for easy preparation of the pure enzyme, for study of the relationship between its structure and function, and for the diagnostic analysis of triglycerides and lipids in the serum.
To obtain further information about the thermostability of the FGK, we randomly mutagenized the enzyme. As a result, we produced a mutant that has still higher thermostability than the wild-type enzyme. 4) Site-directed mutagenesis for each of the mutated amino acids showed that only one substitution, Ser329 to Asp, is responsible for the increased thermostability. 4) Based on the threedimensional structure model of the mutant S329D, we postulated the following two points: 1) improved electrostatic interaction between Asp329 and Ser414 might contribute to the tertiary structure stabilization and increase thermostability, 2) the interaction might be a charged-neutral hydrogen bond. If the postulation is the case, FGK thermostabilization would be possible similarly by a single amino acid substitution from Ser414 to another amino acid which could form the hydrogen bond with Ser329. However, Ser414 corresponds to Asn416 in the E. coli GK, the side chain of which is reported to form a hydrogen bond with the N-1 of the ADP adenine moiety. 5) Thus, in order to avoid producing inactivated GK, we chose a replacement amino acid for Ser414 as follows. The crystal structure of the complex of E. coli GK with the unphosphorylated form of III Glc (an allosteric inhibitor of the phosphotransferase system) has al- The enzyme solution (1 mg W ml in 50 mM Tris-HCl buŠer pH 8.0) was incubated at 749 C and samples were taken every seven minutes, followed by rapid cooling. The remaining activity of S414N(), S329D(), and FGK (#) after the treatment was assayed.
ready been described by Hurley et al. 5) FGK shows 60z sequence similarities to the E. coli GK, and most residues involved in glycerol and ADP binding in the E. coli GK are conserved in the FGK except that Asn416 in the E. coli GK is replaced by Ser414 in the FGK. According to the three-dimensional structure model of the FGK, the residue of Asn is expected to form a hydrogen bond with the residue of Ser329. Moreover, replacing Ser by Asn would avoid producing an inactivated mutant GK because Asn416 in the E. coli GK was well conserved among many bacterial GKs [i.e., Thermococcus kodakaraensis 406N (AB012099), Thermotoga maritima 411N (AE001758), Aquifex aeolicus 407N (AE000690), Thermus aquaticus 414N (AB013715), T. brockianus 411N (AF135398), Pseudomonas aeruginosa 419N (U49666), P. tolaasii 415N (AB015974), Bacillus subtilis 414N (M34393), Enterococcus casseli‰avus 415N (U94355), and E. faecalis 414N (U94356): DDBJ accession numbers are given in parentheses]. Thus, we chose Asn as the replacement amino acid for Ser414.
The mutant S414N was constructed by the method of Kunkel et al.
6) A 2.4-kb EcoR I-Sph I fragment containing the FGK gene was excised from an expression plasmid of the wild-type FGK. Afterˆlling up the EcoR I site by using a DNA blunting kit, the fragment was subcloned into the Sma I-Sph I site downstream of the lac promoter of pUC118. This recombinant plasmid was incorporated into E. coli CJ236 and the cells were transformed to yield the uracilcontaining single-strand DNA. The sequence of the primer used for the mutagenesis was 5?-gtgcctctgctaacaatttgttgat-3?. After ligation with E. coli ligase, the E. coli BMH71-18mutS was transformed with the double-stranded heteroduplex DNA. The introduced base substitution was conˆrmed by DNA sequencing.
Cultivation of E. coli, preparation of the crude extract, and puriˆcation of the enzyme were done by the same procedure as those described for the mutant S329D. 4) All enzyme activities were assayed using a Hitachi 7150 automatic analyzer in triplicate and the averageˆgures are reported here. The standard reaction mixture contained 50 mM Tris-HCl buŠer (pH 8.0), 10 mM glycerol, 10 mM ATP, 10 mM MgCl 2 , 10 units of glycerol-3-phosphate oxidase, 4.5 units of peroxidase, 1.5 mM 4-aminoantipyrine, 1.5 mM DAOS, 0.1z Triton X-100, and 3 ml of enzyme in aˆnal volume of 153 ml. The reactions were done at 379 C forˆve minutes, and stopped by the addition of 300 ml of 0.5z SDS. The absorbance at 600 nm [eM (molar absorption coe‹cient)＝ 16.8 mM "1 cm "1 ] was measured. One unit (U) of enzyme was deˆned as the amount of enzyme catalyzing the formation of 1 mmole of glycerol-3-phosphate W min at 379 C. The mutant S414N was puriˆed with a high yield of 90z to show homogeneity on SDSpolyacrylamide gel electrophoresis. The speciˆc activity of the puriˆed S414N was found to be 46.5 U W mg, similar to that of S329D and somewhat lower than that of the wild-type ( Table 1 ). The thermostability of S414N was compared with that of FGK and S329D. The S414N showed similar thermostability with S329D and clearly had a higher thermostability than that of FGK (Fig. 1) . The kd of heat inactivation was calculated as described elsewhere. 7) Arrhenius plots of each enzyme were used for the calculation of the T50. S414N followed thê rst-order kinetics of heat inactivation at pH 8.0 and gave linear Arrhenius plots of the kd (data not shown). The T50 of S414N were calculated to be 73.59 C. The value was almost same as that of S329D (73.39 C) and higher than that of native enzyme (70.29 C, Table 1) .
To ascertain a possible formation of a hydrogen bond between Asn414 and Ser329, the three-dimensional structure of the S414N was predicted from that of the E. coli GK. The E. coli GK coordinates (1glb) 5) were obtained from the Brookhaven Protein Data The model represented is based on the structure of the E. coli GK. Thick lines represent Ser329 and Asn414. Bank as a template. The model was constructed using the InsightII W Homology software package available from Molecular Simulation Inc., San Diego, CA, USA. Side chain substitutions were automatically done by the InsightII program. After the substitutions, structure relaxation was done with the steepest descent method under conditions restricting the relative position of Ca. The optimization was done using the conjugate gradient method until the maximum derivative was less than 0.01 kcal W Å. All geometry optimization operations were done using the consistent valence forceˆeld in the program Discover available from Molecular Simulation Inc., San Diego, CA, USA. It is generally deˆned that a hydrogen bond can be formed under the following conditions: a distance between the hydrogen donor and the hydrogen acceptor is less than 3Å and the donor hydrogen acceptor angle is below 909 . From the analysis of the structural model of FGK, we found that the distance between the hydrogen atom of Ser329 and the hydrogen atom of Asn414 is calculated to be around 2.8Å (Table 1) , and the donor hydrogen acceptor angle is about 33.49 , which makes it possible to form the neutral hydrogen bond (Fig. 2) . No formation of a new ion-pair by the substitution of Ser414 to Asn in FGK was observed. Neutral hydrogen bonds are known to contribute to the protein stability as well as charged-neutral hydrogen bonds. Irun et al. showed that replacement of charged Asp and Glu residues by non-charged Asn and Gln, respectively, could increase the stability of apo‰avodoxin. 8) In the case of S414N, the neutral hydrogen bond formed between Asn414 and Ser329 might have a similar stabilizing eŠect to the case of chargedneutral hydrogen bond of the S329D.
E. coli GK is known to display homotropic allosteric regulation with respect to ATP, 9) and to show a half-of-the-sites reactivity toward ATP. 10, 11) The enzyme has been proposed to have a high-a‹nity and a low-a‹nity active site for ATP per each enzyme dimer. Because the side chain of Ser414 in FGK (Asn416 in the E. coli GK) is estimated to be responsible for binding of adenine nucleotide, 5) we compared the kinetic properties of S414N for ATP with those of S329D and wild-type FGK. In the presence of 10 mM glycerol and Mg
2+
, the initial velocity analyses of FGK and S329D represented hyperbolic double reciprocal plots against ATP, which is in good agreement with previous reports of the E. coli GK, 9, 12) and negative cooperativity for the substrate was observed (Fig. 3) . At low ATP concentrations (0.1 to 0.5 mM), the Kms of FGK, S329D, and S414N for ATP were about 45.7, 55.1, and 17.6 mM, and their kcats were around 155, 175, and 185 s "1 , respectively. At the high range concentrations (1.0 to 10.0 mM ATP), the Kms of FGK and S329D were approximately 277 and 560 mM, and their kcats were about 193 and 291 s "1 , respectively. As shown in Fig. 3 , apparent substrate inhibition by ATP was observed for S414N. This indicates that the kinetic response to ATP is clearly diŠerent between S329D and S414N (In the our previous study, 4) the kinetic parameters of the wild-type and mutant enzymes were given for the 0-2 mM range of ATP concentration). As we took the results of the kinetic and structural study of E. coli GK into consideration, we suppose the S414N mutation destroyed only the putative low a‹nity site for ATP of the enzyme in an asymmetric conformation. In this regard, the mutant S414N might be a good model protein to study the relationship between a high-a‹nity and a low-a‹nity active site for ATP, and the mechanisms of allosteric regulation with respect to ATP of GKs.
